The contribution of wound-ethylene to wound-induced gene expression was investigated in unripe tomato pericarp using inhibitors of ethylene action. Wounded unripe tomato pericarp was treated with 2,5-norbornadiene or silver thiosulfate to inhibit specifically the induction of ethylene-dependent mRNA species. Poly(A)+ RNAs isolated from these tissues after 12 hours of wounding were translated in vitro in a rabbit reticulocyte lysate system and [35S]methionine-labeled polypeptides were compared to unwounded controls after separation by one and two-dimensional polyacrylamide gel electrophoresis. Results show that mechanical wounding induces a dramatic shift in gene expression (over 50 mRNA species) but expression of less than 15% of these genes is affected by the treatment with ethylene action inhibitors. A selective decrease in mRNAs coding for a 37 kilodalton doublet and 75 kilodalton polypeptides is observed in 2,5-norbomadiene and silver thiosulfate treated wounded pericarp. Levels of hydroxyproline-nch glycoprotein mRNAs induced in wounded tissue were not influenced by inhibitors of ethylene action.
Selective changes in gene expression appear characteristic of the wound-induced activation of plant repair/defense mechanisms (14) . Rapid accumulation of mRNAs for genes that encode enzymes involved in synthesis of lignin and phytoalexins in response to UV light damage, fungal elicitation and pathogen attack have been reported in wide range of plant species (14, 20) . In addition, elevation in the levels of hydroxyproline rich-glycoproteins (HRGP2) and their mRNAs have been shown in wounded and fungal elicitor treated tissues (4) . Recently, about a 30-fold increase in mRNA encoding chitinase, a pathogenesis-related protein (13) , within 20 min of treatment with fungal cell wall elicitors has been reported in cell cultures of Phaseolus vulgaris (12) . It 2Abbreviations: HRGP, hydroxyproline-rich glycoprotein; PG, polygalacturonase; NaTS, sodium thiosulfate; STS, silver thiosulfate; NBD, 2,5-norbornadiene; ACC, I-aminocyclopropane-l-carboxylic acid.
various plant growth and developmental processes, including leaf abscission, organ senescence, seed germination, seedling growth and fruit ripening (26) . Ethylene production in plants is influenced by a variety of environmental signals including drought, salinity, high temperature, flooding, light, carbon dioxide and oxygen, and mechanical wounding (3, 26) . Since the rate of ethylene production increases rapidly in wounded plant tissue, it has been suggested that ethylene plays an important role in signal transduction during the wound repair and defense response (1 1 (24) . In tomato, STS has been shown to interrupt the ripening process (23) ; NBD has been shown to affect the expression of ethylene-induced genes (15 Wound-induced Changes in mRNA Populations Wounded pericarp tissues were incubated in the presence and absence of inhibitors of ethylene action, and the total poly(A)+ RNAs were isolated after 12 h from wounded and control tissues. The poly(A)+ RNAs were translated in vitro in a micrococcal-nuclease-treated rabbit reticulocyte lysate Figure 3 , A and B. NBD treatment inhibited increases in 5 mRNAs encoding the previously identified 37 kD, which appears as a doublet in two-dimensional PAGE, and the 77 kD polypeptides, as well as 71 and 84 kD proteins (Fig. 3C) . However, STS, another inhibitor of ethylene action, inhibited increases in poly(A)+ RNAs encoding only the 37 kD doublet and 77 kD polypeptides, and had no effect on the levels of the 71 and 84 kD mRNAs in the wounded tissue (Fig. 3, D and E) . This result implies that the two systems are not completely analogous and decreases in the 71 and 84 kD mRNAs may not be regulated by wound-induced ethylene. Additionally, thiosulfate ion, common to both STS and NaTS, may also influence the mRNA populations. For example, there is a spot at about 26 kD that appears to be down regulated in the wounded control (Fig. 3B ) and in the NBDtreated sample (Fig. 3C) but not in either of the thiosulfate treated samples (Fig. 3, D and E) . Overall, these data suggest that ethylene is not the key trigger for these changes, but modulates expression of specific genes which are a subset of the overall wound induced changes in gene expression.
Effects of Wounding on HRGP and PG mRNAs
Several RNA species of sizes ranging from 0.8 to 4.5 kb present in the total RNA from tomato pericarp hybridized to a HRGP carrot genomic probe (Fig. 4A) . Wounding oftomato pericarp causes a two-to fourfold increase in the levels of the 4.5 and 1.8 kb mRNA species and about a threefold decrease in the 1.0 kb mRNA species (Table II) . Treatment ofwounded tissue with NBD or STS has only a slight effect on the changes in the levels of these HRGP mRNA species. Both the 4.5 and 1.8 kb mRNAs showed only a slight increase in their accumulation upon treatment with either NBD or STS. Overall, wound-induced ethylene seems to play a minor role in the change in HRGP mRNA species that occurs during wounding.
Both ripening and wounding of tomato pericarp lead to enhanced rates of ethylene production and respiration. Since the level of PG mRNA increases several hundredfold during the ripening climacteric (2, 9), it was of interest to determine whether wound ethylene initiated accumulation of PG mRNA. No detectable PG mRNA was present in 12 h wounded tissue, whereas the turning stage of ripening showed expected levels of PG mRNA (Fig. 4B) .
DISCUSSION
Several laboratories are involved in identifying signals which transduce wound-induced changes in gene expression in plants. Elicitors have been isolated from both plant and fungal cell walls that can induce expression of genes involved in plant defense mechanisms (7, 14) . Pectolytic enzymes produced by fungal and bacterial pathogens have been shown to induce responses like those induced by elicitors in plant tissues (7, 14) . Also, changes in electrical potentials have been implicated in altering profiles of polysomes and presumably gene expression in wounded plant tissues (8) . Recently, glutathione has been shown to cause massive induction of phenylalanine ammonia-lyase, chalcone synthase and HRGPs in French bean cell cultures (25) . Due to the diffusive nature of ethylene and the increase in its rate of production in wounded tissue, it has been hypothesized that ethylene plays an important role in wound-induced changes in gene expression.
Data presented in this paper and work of others demonstrate that wounding initiates a dramatic change in gene expression (8, 17, (20) (21) (22) . The most pronounced effect appears as induction in the levels of many mRNA species. Only a few mRNAs appear to be markedly down regulated in the wounded tissue (Table I ). In general, the mRNAs which accumulate in wounded tomato pericarp encode larger polypeptides than those which are down regulated, a result similar to that reported by Schuster and Davies in wounded pea epicotyls (21) . Ethylene seems to play only a limited role in the wound-induced changes in mRNA populations. Relative levels of only a few translatable mRNAs are altered significantly in wounded tissue in the presence of inhibitors of ethylene action (Table I ). However, it is possible that wound- show the polypeptides whose mRNA levels increase in wounded tissue while arrows pointing downward show polypeptides whose mRNA levels decrease after wounding. Spots enclosed in open squares represent polypeptides whose mRNA levels decrease in the presence of inhibitors of ethylene action. Other details as described in Figure 2. the inhibitors of ethylene action fail to arrest these changes. Differential regulation of gene expression by varying ethylene concentrations has been reported in ripening tomato fruits (15) . The increasing availability of cDNA clones for many wound-related proteins will allow for further studies into the role of ethylene in the wound response.
Both auto-inhibition and auto-induction of ethylene production have been reported in several vegetative tissues (16, 26) . In wounded tomato pericarp, the rate of wound-induced ethylene production is enhanced in the presence of the ethylene action inhibitors NBD and STS, thus suggesting an autoinhibitory activity of ethylene (Fig. 1) . The biochemical basis of this autoinhibition is not known. However, under most circumstances ethylene biosynthesis has been shown to be regulated by endogenous levels of ACC via the rapid de novo synthesis or turnover of ACC synthase (26) . Formation of a malonyl-ACC conjugate by ACC:malonyl transferase, which will decrease the levels of free ACC available for conversion into ethylene, has also been suggested as a mechanism to regulate ethylene production (16) . Autoinhibition has been reported in wounded citrus peel and attributed to enhanced conjugation of the ACC intermediate to 1-malonyl-160 Plant Physiol. Vol. 91, 1989 A i cmwom--.,. (Fig 4A) . It is not known, whether different HRGP mRNA species are products of separate genes with alternate regulation or are in fact products of differential processing or initiation of the same gene product (11) . In carrots, 1.5 and 1.8 kb HRGP mRNAs, which are differentially regulated by ethylene treatment and wounding, have been shown to differ only in the length of their 5' untranslated region (5) . The presence of a differentially regulated HRGP gene family in beans has been reported (6) .
Ethylene has been shown to shorten the time before the onset of ripening, resulting in accumulation of PG mRNA and protein (18, 19 
